ABSTRACT Effects of the in ovo injection of commercial diluent containing supplemental microminerals (Zn, Mn, and Cu) on hatchability and hatching chick quality variables in Ross × Ross 708 broilers were examined. On 17 d of incubation (doi) eggs were subjected to 1 of 4 treatments using a commercial multi-egg injector. Treatments included noninjected (treatment 1) and diluent-injected (treatment 2) control groups. Those in treatment 3 received diluent containing 0.181, 0.087, and 0.010 mg/mL of Zn, Mn, and Cu, respectively, and those in treatment 4 received diluent containing 0.544, 0.260, and 0.030 mg/mL of Zn, Mn, and Cu, respectively. A total of 1,872 eggs were distributed among 4 treatment groups on each of 6 replicate tray levels. Hatchability of fertile eggs set (HF) was determined on 20.5 and 21.5 doi. On 21.5 doi, HF and mean hatching chick weight (MHW) were determined. One bird from each treatment replicate group was randomly selected, weighed, and necropsied for the extraction of their livers and tibiae. The tibiae fresh and dry weight, length, width, bone breaking strength (BBS), and percentage of bone ash (PBA) were determined. The dry livers were weighed and ashed. Injection treatment had no significant effect on HF at 20.5 doi. However, there was a significant injection treatment effect on HF at 21.5 doi. The HF of eggs at 21.5 doi in treatment 4 was significantly lower than that of the non-injected control group, with treatment 3 being intermediate. Furthermore, there were no significant treatment effects noted for MHW fresh and dry tibia weights, tibia length and width, tibia length to weight ratio, BBS, liver ash content, or percentage of minerals (Ca, P, Mg, Mn, and Zn) in the tibia ash. However, embryos from eggs that received treatment 4 had a significantly higher PBA in comparison to all other treatments. In conclusion, although treatment 4 negatively affected HF, the injection of diluent containing the high micromineral concentration has the potential to improve bone mineralization.
INTRODUCTION
Production losses as a result of leg problems are a major concern of broiler companies throughout the world. Because of this, intervention strategies involving prehatch and posthatch nutrient supplementation have been developed to reduce these losses. In ovo vaccination has been widely used in the poultry industry as a way to control the incidence of diseases. More re-cently, however, research groups have used the technology of automated in ovo injection to deliver nutrients such as amino acids (Ohta et al., 1999) , vitamins (Bello et al., 2013) , carbohydrates (Zhai et al., 2011a) , and other nutrients (Keralapurath et al., 2010; McGruder et al., 2011 ) that may be of limited availability to broiler embryos and hatchlings. Improvements that are anticipated in response to this type of supplementation include immunity, hatchability, posthatch performance, and bone development.
The bone conditions and compositions of broilers have been a subject of increased study in the past few decades due to the increasing incidence of leg problems associated with various metabolic disorders (Angel, 2007) . These bone problems have primarily arisen in association with genetic selection for fast muscle deposition. The rapid growth rate of the birds is also highly related to an acceleration of bone deposition at the periosteal surface, which increases the porosity of the cortical bone, subsequently causing poorer biomechanical properties of the bone (Williams et al., 2004) . Microminerals that are important to bone formation and strength include Cu, Zn, and Mn, which are greatly reduced in concentration in the egg by the 17 th d of incubation (doi) (Yair and Uni, 2011) . These minerals also participate through their contribution to enzyme activity along metabolic pathways that are related to the formation of the skeletal system (Bao et al., 2007) . Zinc participates in important regulatory pathways for bone and cartilage formation, such as collagen synthesis (Starcher et al., 1980) , and hydroxyapatite crystallization (Sauer et al., 1997) . Copper is part of the linkage between elastin and collagen, which gives the bone its tensile strength (Carlton and Henderson, 1964) . Although Zn is important for collagen synthesis, Cu concentrations must be concomitantly sufficient so that fibrils are not weakened and become susceptible to breakage (Rath et al., 2000) . Manganese is also an essential part of mucopolissacarides, which constitute bone cartilage. Manganese insufficiencies can lead to the malformation of the epiphyseal plate of the tibia (Liu et al., 1994) .
Residual yolk is the main source of nutrients during the transitional period between the hatch and grow-out phases (Gonzales et al., 2003; Henderson et al., 2008) . Therefore bone development can be further compromised by a reduction in the amount of minerals stored in the yolk sac. The fastest development phase of the skeleton of the chick occurs during the first 2 wk of posthatch age, and primarily during the first few d of age, when the bone is not completely formed. Micromineral consumption in the first few d of grow-out may be insufficient to meet the demand for cartilage ossification. Furthermore, a low mineral absorptive capacity of the intestine during this period may exacerbate this insufficiency. A low consumption of nutrients during incubation can be alleviated by the in ovo injection of nutrients. Bello et al. (2014a) tested the in ovo injection of different levels of 25-hydroxycholecalciferol, and reported that high dosages have the potential to increase bone mineralization. Injecting P, Ca, Zn, Mn, and Cu along with carbohydrates and vitamins into eggs, Yair and Uni (2011) increased the concentrations of Fe, Zn, Mn, and Cu in the egg and also the consumption of these minerals by the embryo. Limited concentrations of minerals in the egg may limit bone development in the broiler embryo and posthatch chick. In addition, when Yair et al. (2013) injected the same solution that was used in the previous work by Yair and Uni (2011) , they found improvements in the mineralization and mechanical properties of the bones of embryos and posthatch chicks. The objectives of this research were to investigate effects of the in ovo injection of the organic forms of Zn, Mn, and Cu on the hatchability and bone parameters of broiler chicks.
MATERIALS AND METHODS

Incubation
The current study was approved by the Institutional Animal Care and Use Committee of Mississippi State University. Eggs were collected from a commercial broiler breeder flock (Ross x Ross 708) at 32 wk of age and transported to the Poultry Research Unit of Mississippi State University. The collected eggs were stored under commercial conditions for 2 d before weighing and setting. All eggs were weighed individually, and those that were normal in appearance and within 10% of the mean weight of all eggs weighed were randomly set on each of 6 trays in 3 Natureform incubators (Model 2,340 Natureform, Jacksonville, FL). A total of 1,872 eggs were distributed among the 3 incubators, with 26 eggs assigned to each of 4 pre-specified treatment groups on each of 6 replicate tray levels in each incubator. Eggs were incubated under standard commercial conditions. On 12 doi, all eggs were candled, and those eggs with shells that were cracked, or that were unfertilized or contained dead embryos were discarded (Ernst et al., 2004) .
Treatments: Injection Solutions
A non-injected control group (treatment 1) containing eggs that were not injected, but were subjected to the same handling procedures as the following in ovo diluent-inject control and enrichment treatment groups, was included. At 17 doi, fertile eggs that were injected with 150 μL of commercial diluent (Poulvac R Sterile Diluent; Pfizer, Exton, PA) were designated as diluentinjected controls (treatment 2). Those injected with 150 μL of diluent containing added organic microminerals at 17 doi, were designated as enrichment solution treatments (treatments 3 and 4). The mineral compositions of the enriched solutions were formulated in order to significantly increase the amounts of Cu, Mn, and Zn made available to the embryos at 17 doi (Yair and Uni, 2011) . The added organic microminerals which included organic Zn, Cu, and Mn (Mintrex Zn, Cu, and Mn; Novus, Saint Louis, MO), were used to promote bone development. The solutions were prepared by stirring the diluent and microminerals overnight at a speed of 300 rpm. To avoid contamination and evaporation, beakers containing the solutions were covered with parafilm. The solutions were then filtered using a 0.20 μm nylon syringe filter. Mineral concentrations in the enrichment solutions were verified by inductively coupled plasma optical emission spectrometry (method 6010B). The compositions of the enrichment solutions used are presented in Table 1 .
Injection Procedure
The treatment solutions were injected in the eggs using an Embrex Inovoject M (Zoetis; Florham Park, NJ) (Tako et al., 2004; Uni et al., 2005; Foye et al., 2007; Kornasio et al., 2011; Zhai et al., 2011c) . Embryonated eggs were injected through the air cell with a blunt tip injector needle [1.27 mm bore width] to target the amnion. The needle provided an approximate 2.54 cm injection depth from the top of the large end of the egg (Keralapurath et al., 2010) . The eggs from the non-injected control group remained outside the setter for the same length of time as those eggs that were injected. After injection, the eggs from each of the 3 incubators were transferred according to treatment replicate group to a Jamesway model PS 500 hatcher unit (Jamesway Incubator Company Inc. Cambridge, Ontario, Canada) and were incubated under standard commercial conditions. Egg injection and handling prior to transfer required a maximum of 5 min. The position of the treatment replicate groups in the hatcher corresponded to their positions in the setter.
Data Collection
On 20.5 and 21.5 doi the number of chicks that hatched were counted. Hatchability of fertile eggs (HF) was determined at these 2 time periods for the evaluation of hatch rate. On 21.5 doi, HF and mean hatching chick weight (MHW) were measured for each treatment replicate group. After hatch, all birds were wing sexed and males in the respective treatment replicate groups from the 3 incubators were pooled prior to sampling. Then one bird that weighed within 5% of the mean BW of the birds in each of the respective 24 replicate treatment groups was selected for further evaluation. The randomly selected birds were weighed, and their lengths (from the tip of the beak to the tip of the middle toe, excluding the nail) were measured (Molenaar et al., 2010) . Subsequently, the selected birds were necropsied to confirm their sex and for the extraction of their livers and tibiae (left and right).
The legs of each chick were removed at the hip and cleaned of soft tissue. The right tibiae were stored at ± 20
• C for future analyses. The left tibiae were weighed to 4 decimals, and their lengths and widths (epiphyseal and diaphyseal sections) were measured using a digital caliper Mitutoyo, Houston, TX) . Subsequently, the bones were oven-dried until no further weight loss was observed. They were then allowed to equilibrate to room temperature before their dry weight was determined (Zhai et al., 2011b) . Fresh and dry bone weights were calculated as percentages of BW. With the use of an Instron Universal Testing Instrument (Table Model 5544 , Instron, Norwood, MA), dried tibias were subjected to breaking strength analysis using the method described by Shim et al. (2012) . The cradle and plunger of the Instron Instrument were adjusted to accommodate size differences of the bone samples collected. The livers and broken bones were weighed and ashed in a muffle furnace (Iso-temp D3714, Fisher Scientific, Pittsburgh, PA) for determination of percentages of bone (PBA) and liver ash using AOAC (1990) methods.
For bone mineral concentration analysis, one bone ash sample from each treatment replicate group was selected. Using methods specified by the US-EPA (1986), the samples were dissolved and digested (method 3051), and the concentrations of Ca, P, K, Mg, Zn, Mn, and Cu in each ash sample were analyzed by inductively coupled plasma optical emission spectrometry (method 6010B).
Statistical Description
A randomized complete block experimental design was employed for the incubational component of the study. Incubator tray levels were treated as blocks, with all 4 treatments equally represented on each of the 6 tray levels. Incubator was taken into consideration as a random effect. After hatch, birds that were equally selected from each treatment replicate group, were sexed, and their tibiae sampled for further tibia analyses. All variables in this study were analyzed using the MIXED procedure of SAS software 9.2 (SAS Institute, 2010). All parameters were analyzed using ANOVA, with treatment viewed as a fixed effect and block as a random effect. Least squares means were compared in the event of significant global effects. Global effects and least squares mean differences were considered significant at P ≤ 0.05.
RESULTS AND DISCUSSION
Mean set egg weight ± SEM across all treatment groups was 64.6 ± 0.15 g. Injection treatment had no significant effect (P = 0.56) on HF at 20.5 doi (Figure 1 ). However, there was a significant injection treatment effect (P = 0.04) on HF at 21.5 doi (Figure 2) . The HF of eggs at 21.5 doi in treatment 4 was significantly lower than that of the non-injected control group, with the diluent-injected control group and treatment 3 group being intermediate (Figure 2 ). Several papers evaluating the injection of various nutrients [carbohydrates (Zhai et al., 2011a) ; 25(OH)D 3 (Bello et al., 2013) ] reported that these nutrients at various concentrations delayed hatch when compared to noninjected control eggs. In the current study, the injection of higher mineral concentrations into the amnion interfered with embryogenesis during late incubation. This effect may have been due to the creation of a mineral imbalance in the residual amnion. Ebrahimi et al. (2012) evaluated the in ovo injection of L-carnitine, vitamin E, and vitamin C, and reported that the injection of these nutrients was associated with a decrease in hatchability. Bello et al. (2013) also observed negative effects of high dosages (1.80 and 5.40 μg) of 25(OH)D 3 when compared to non-injected and diluentinjected controls and to the injection of lower dosages of 25(OH)D 3 (0.2 and 0.6 μg). Dżugan et al. (2014) evaluated effects of the injection of Cd and Zn, individually and in combination, on chicken egg hatchability. They reported that both minerals, when injected separately, negatively affected hatchability, but had no effect when injected together. However there is no report in the literature regarding effects of the in ovo injection of Zn, Cu, or Mn on the hatchability parameters of broiler chickens.
Furthermore, in this study, there was no significant treatment effect on MHW (Figure 3) . Substituting organic for inorganic sources of Zn, Cu, and Mn in the feed of broiler breeders, Favero et al. (2013) resulted in no effect on hatchability, hatchling weight and Mn and Cu content in the egg. However, the Zn content in the egg was increased by the substitution. Changing the source of minerals used in the feed of breeders is also a strategy that can be used in an attempt to improve the embryonic growth and hatchability of broilers. The lack of significant differences between the non-injected and diluent-injected treatments for the parameters investigated in the current study are in accordance with results reported in the study by Yair et al. (2013) . In that study, a diluent-injected treatment was not incorporated into the experimental design because previous reports indicated that there were no differences in the effects of these 2 treatments.
There were no significant treatment effects noted for fresh and dry tibia weights, tibia length and width, tibia length to weight ratio (L/W), breaking bone strength (BBS), or liver ash content in the current study. Nev- ertheless, the treatment means for the above parameters are provided in Table 2 for observation. However, a significant treatment effect (P = 0.004) was found for PBA (Figure 4) . Embryos from eggs that received treatment 4 (highest concentration of microminerals) had a significantly higher level of tibia ash in comparison to all other treatments. However, an increase in tibia ash in response to the treatment containing the highest micromineral concentration was not associated with an increase in BBS. Bello et al. (2014b) did not observe differences in the tibia ash concentrations of hatchlings in response to the in ovo injection of different levels of 25(OH)D 3 (0.15, 0.30, 0.60, and 1.2 μg) . Yair et al. (2013) injected eggs on 17 doi with a solution containing several nutrients including those in the present study. It was observed that bone ash on 19 doi was increased, but that the non-injected control group also had a higher concentration of ash in their tibiae and femurs on d 3 posthatch. Star et al. (2012) Table 2. Mean fresh and dry tibia weights as percentages of BW; tibia length, width, and length to width ratios (L/W ratio); tibia breaking strength (BBS); and percentage of liver ash content of embryos from eggs belonging to non-injected (TRT1) and diluent-injected control groups (TRT2), and of those from eggs injected with diluent containing low (TRT3) and high (TRT4) levels of organic microminerals. fed broilers with feed containing different sources and levels of Zn, but did not observe any significant treatment effects on tibia ash. Nevertheless, they did observe that the level of Zn in the tibia increased when an organic source was used. In order to achieve proper bone mineralization during the embryonic phase, the concentration of the minerals used as a substrate for ossification by osteocytes must be at appropriate levels. Yair and Uni (2011) showed that the bone concentrations of Ca and P are not reduced as are the concentrations of Zn, Cu, and Mn between 17 and 21 doi. Reduced concentrations of these minerals may restrict the ossification process of cartilage during the last days of incubation and during the first few days posthatch. Improvements in the concentrations and sources (organic) of available trace minerals (i.e., Zn, Cu, and Mn) may be related to an increase in tibia ash, particularly as these minerals are used as components of metalloenzymes necessary for connective tissue synthesis. The mineral enrichment provided by treatment 3, which had a 3-fold lower concentration of minerals than treatment 4, apparently had no negative effect on hatchability or tibia ash concentration. Although the injection treatments used affected the concentration of ash, the percentages of Ca, P, Mg, Mn, and Zn in the ash was not significantly affected (Table 3) . At this age, it was not possible to determine the concentration of Cu in the ash. It was expected that the higher ash content of the tibia would have been associated with a higher BBS. Nevertheless, the mechanical function of the bone is not only determined by its composition, but also by its structure and confirmation (Sharir et al., 2008) . These findings are in accordance with those of Yair et al. (2013) , who observed an increase in the ash content, but did not find a change in the mechanical properties of bones from 19 doi through 3 d posthatch. Bone mineralization is not complete at hatch; therefore, although the mineral content of the bones may have increased, because mineralization is not entirely complete at that time, the bone may still not be entirely resistant to higher compression pressures. In a study by Manangi et al. (2012) , the supplementation of broiler chick diets with inorganic or organic Cu, Mn, and Zn did not exert different effects on BBS. Among its many functions, the liver of chicken embryos must store and homeostatically regulate trace mineral metabolism. The concentration of trace minerals in the liver is relevant because of the capacity of the liver to export minerals from its reserves to other tissues. In situations in which minerals are lacking, such as the early posthatch period, this reserve may be essential for proper organ development (Richards, 1997) .
Based on these current results, the injection of mineral enriched solutions has the potential to improve bone mineralization. Further research to determine effects of in ovo-injected mineral solutions on post-hatch performance, bone development, and bone mineralization in broilers should be considered.
